Introduction
Fixation stability, the precision of eye fixation when one fixates intently on a stimulus for a certain period of time, is a fundamental component of visual performance. 1 It has been shown that fixation stability is impaired in patients with macular diseases [2] [3] [4] and correlates with slow reading speed. 5 The bivariate contour ellipse area (BCEA) values and the Fujii classification 6 have been applied to measure fixation stability measurements using microperimeters. By plotting the position of each fixation point on a Cartesian axis and calculating the area of an ellipse that encompasses a given percentage of fixation points, 7 BCEA provides a precise continuous value with a smaller value implying a more stable fixation. 8 The Fujii classification is a semi-quantitative method. 6 In this classification, fixation stability is classified as being: stable when 75% of fixation falls within a 28 circle, relatively unstable when 75% of fixation falls within a 48 circle, and unstable when less than 75% of fixation falls within a 48 circle. 6 The arbitrariness of this classification recently has been criticized in the literature. 3, 8 The BCEA value has been shown to correlate strongly with the reading performance, whereas Fujii classification has not shown similar correlations.
The Micro Perimeter 1 (MP-1; Nidek Technologies, Padova, Italy) has been the first microperimeter that uses a true eye-tracking system and allows a comprehensive fixation stability assessment. 9 The fixation examination can be completed either as part of the routine light sensitivity examination or as an isolated test. The device built-in software automatically provides the BCEA values as well as the Fujii fixation grading.
Spectral OCT/SLO (OCT/SLO; Optos Plc., Dunfermline, UK) is a newer microperimeter that correlates retina sensitivity deficits not only with SLO infrared images (retinal en face images), but also with bidimensional cross-sectional OCT retinal images. 10 It offers the same fixation test options as the MP-1 (either as part of the routine sensitivity examination or as a stand-alone test). In the routine sensitivity test of the OCT/SLO, the fixation stability is graded according to the Fujii classification. The isolated fixation test is designed for documenting the preferred retinal locus (PRL); hence, no BCEA or Fujii grading is provided. However, it is possible to export the raw data of the isolated fixation test (the Cartesian coordinates of fixation points during the test) and calculate the BCEA offline.
With different working parameters, the outputs of these two microperimeters are not the same. In our previous study, 11 we explored the comparability and interchangeability of the sensitivity values provided by the two machines, which differ due to the inherent stimulus/background contrasts for sensitivity examinations. A dissimilarity of tracking frequency exists between their eye-tracking system settings: 25 Hz in MP-1 and 8 Hz in the OCT/SLO. An understanding of the comparability between fixation tests is vital as numerous studies are applying either MP-1 or OCT/ SLO to analyze the fixation characteristics in various macular disorders. [12] [13] [14] Comparing fixation stability results during routine sensitivity testing is not reliable due to variable test times, even when the same sensitivity pattern is used. For example, a subject who completes the Polar-3 sensitivity test in 3 minutes on MP-1 may complete the same pattern on OCT/SLO in 5 minutes. This, again, is due to the differences of sensitivity test algorithms or settings.
Hence, in this prospective study, we evaluated the fixation stability as an isolated fixation test in subjects with and without maculopathies using these two types of microperimetry devices. The fixation stability was evaluated quantitatively using BCEA.
Participants and Methods

Participants
In this prospective study, the inclusion criteria for normal subjects was best-corrected visual acuity !20/ 20, refractive errors within 6 6.00 diopters (D) sphere and 61.00 D cylinder, and no known history of ocular diseases. Participants in the maculopathy group could have no more than one diagnosis of retinal disease involving the macula in the study eye. The type of macular disease was not specified as a criterion; maculopathy included diabetic macular edema, central serous retinopathy, idiopathic macular hole, agerelated macular degeneration (AMD), and so forth.
The study followed the tenets of the Declaration of Helsinki and was approved by the Johns Hopkins Institutional Review Board/Ethics Committee. Informed consent was obtained from all subjects.
Methods
Fixation Examination
A single fixation test was performed in all participants using MP-1 and Spectral OCT/SLO. During the fixation test, subjects were asked to look toward the center of a 28 red cross target for 20 seconds with the fellow eye patched. Both eyes could be enrolled in the study if they met the study criteria.
The working principle of the fixation tracking system in both microperimeters is the same. First, a reference image of the fundus is captured, and a reference area of high-contrast retinal landmark is selected. During the examination, built-in software (MP-1 SW 1.7 and OCT/SLO GUI 1.87) tracks the reference area, calculating any shift in its position between the reference image and the real-time fundus image at a certain frequency (25 Hz in MP-1 and 8 Hz in the OCT/SLO) and producing x and y coordinates of retinal position. If tracking of the real-time image fails, coordinates are not generated until tracking is resumed. At the end of testing, a scatter graph of fixation points is displayed (Fig. 1 ).
BCEA Calculation
The BCEA value encompassing 68% of fixation was calculated using the formula:
where r H and r V are the standard deviations of the fixation position in the horizontal and vertical meridians, respectively, and q is the product moment correlation of these two components.
The MP-1 built-in BCEA value was based on standardized fixation points, that is, eliminating the extreme outlier coordinates that were beyond 63 standard deviations (SD). The fixation raw data of the OCT/SLO was exported (.csv data) and calculated in the same way as the MP-1.
Statistical Analysis
For statistical analysis, BCEA values (minutes of arc 2 ) were normalized with a log transformation. In addition to the correlation between two devices, agreement between values from each instrument was assessed using the techniques described by Bland and Altman, 15 whereby the difference between the two measurements is plotted against their mean.
Wilcoxon signed-ranks test was applied to compare the sample sizes between the two microperimeters due to the non-normal distribution of the data. The independent t-test and Mann Whitney test were used to compare the sample sizes between the groups according to normal or non-normal distribution of the data.
A P value less than 0.05 was considered statistically significant. All analyses were performed using SPSS statistical package (Version 19.0; SPSS, Inc., Chicago, Illinois).
Results
A total of 44 eyes of 22 healthy volunteers and 58 eyes of 29 patients with maculopathies were screened initially. Three eyes in the normal group and 13 eyes in the maculopathy group were excluded due to high refractive error (exceeding 6 6.00 D sphere and 61.00 D cylinder) or not being able to detect the fixation target because of poor visual acuity. Therefore, 41 eyes from the 22 healthy volunteers (10 females, 12 males) with a mean age of 35.1 year (range, 21-64 years) and 45 eyes of the 29 patients with maculopathies (16 females, 13 males) with a mean age of 58.9 year (range, 32-80 years) were included prospectively in the study.
Maculopathies included diabetic maculopathy (22 eyes), age-related macular degeneration (15 eyes), central serous retinopathy (3 eyes), idiopathic macular hole (2 eyes), Stargardt's disease (1 eye), multifocal choroiditis with cystoid macular edema (1 eye), and hydroxychloroquine maculopathy (1 eye). Detailed demographic information of the study subjects are shown in Table 1 .
The BCEA values of the OCT/SLO and MP-1 are shown in Table 2 . In the normal group, the BCEA was 2.93 6 0.32 log minarc 2 in the OCT/SLO and 2.89 6 0.30 log minarc 2 in the MP-1, with a mean difference of 0.04 6 0.32 log minarc 2 between the two microperimeters. In the maculopathy group, BCEA was 3.05 6 0.41 log minarc 2 in the OCT/SLO and 3.15 6 0.46 log minarc 2 in the MP-1, with a mean difference of À0.10 6 0.46 log minarc 2 . There was no statistically significant difference between the two microperimeters in both groups.
When the BCEA values of the two microperimeters were plotted against each other, the majority of data were distributed along the line of equality ( 2). A moderate correlation between the two devices was found in both groups (r ¼ 0.45, P , 0.05).
The Bland-Altman plots of BCEA values showed a good agreement in the two devices (Fig. 3) , with 95% confidence limit of agreement of 0.68 to À0.60 log minarc 2 in the normal group and 0.80 to À0.99 log minarc 2 in the maculopathy group. As the main disease entities were diabetic maculopathies (diabetic retinopathy [DR], 22 eyes) and AMD (15 eyes), with the remaining 8 eyes scattered in six disease types, the relationship between BCEA and time since diagnosis was explored in the DR and AMD subgroups. The average BCEA from the MP-1 and OCT/SLO were applied, as the two types of microperimeters have no difference in the BCEA measurements.
The mean time since diagnosis was 9.23 6 5.80 years in the DR subgroup and 5.45 6 2.42 years in the AMD subgroup. The BCEA correlated positively with time since diagnosis, but this correlation did not reach statistical significance (Pearson DR group ¼ 0.311, Pearson AMD group ¼ 0.359, both P . 0.05).
The sample sizes during the fixation test are shown in Table 3 . More fixation points were generated by the MP-1 compared to the OCT/SLO for normal and maculopathy groups (P , 0.001). Within MP-1, the fewer sample size in the maculopathy group compared to the normal group did not achieve statistical significance (P ¼ 0.95). However, for the OCT/SLO, the fewer sample size in the maculopathy group compared to the normal group reached the threshold of statistical significance (P ¼ 0.007). The outliers accounted for 1% to 2% of the total sample size, regardless of the different devices or groups.
As the tracking frequency of OCT/SLO is approximately one-third of that in MP-1 (8 Hz in the OCT/ SLO, compared to 25 Hz in MP-1), we also undersampled two representative MP-1 data files from each group by retaining every third line of the data, but discarding all others. In each subject, the BCEA of the undersampled data was comparable to that of the full data set (Table 3 ).
Discussion
Previous reports have shown that BCEA values with normal vision range from 80 to 1200 minarc 2 , 1 Similar to visual acuity, BCEA usually is log-transformed due to non-normal distribution. In our study, BCEA values of the normal and maculopathy groups consistently fell within this data range.
The BCEA values are known to be influenced by different methods of fixation assessment. For example, BCEA obtained from SLO are up to 2.25 times smaller than those obtained from an infrared eye tracker system. 16 This is due mainly to the participant's head being stabilized on a chin rest in the SLO, while the latter is a head-mounted eye tracker where the eye movements compensate for small head movements. 16 The chin rest is applied in OCT/SLO and MP-1, which guaranteed a similar degree of head immobilization during the fixation test.
Extreme outlier coordinates beyond 63 SD of fixation data also can influence BCEA measurements. 3 These outliers often occur at blinks or spurious saccades during fixation test, which typically represent approximately 1% of all data. 3 In our study, BCEA values can be 2 to 3 times smaller after eliminating the outlier. For example, BCEA of a normal subject was 2708.5 minarc 2 when calculated using total fixation data, but dropped to 896.7 minarc 2 when standardized data was used. The BCEA calculations in this study were based on standardized data of both devices; hence, there were no bias of outliers in the BCEA values.
With the tracking frequency of 25 Hz in MP-1 and 8 Hz in OCT/SLO, the sample size of MP1 was much more than that of OCT/SLO. However, it seems that sampling rate does not introduce BCEA differences at the given order of magnitude. No statistically significant difference of BCEA values was observed between the two devices in both groups. This also was observed in the study of Dunbar et al., 17 who reported no differences in BCEA evaluation when comparing 12.5 Hz of SLO and 25 Hz of MP-1.
In support of this finding, the undersampled BCEA was equivalent to the full data BCEA when the fixation data was reduced to one-third of its original size in our representative samples. This is in agreement with previous studies in which undersampling the fixation data of an infrared eye tracker to one-twentieth of its length 16 or halving the MP1 fixation data 17 did not result in different BCEA values.
Sample size in the maculopathies group was slightly less than that of the normal group when testing with MP-1, while this difference reached statistical significance in the OCT/SLO. Compared to normal subjects, subjects with maculopathies have impaired fixation stability and are more likely to lose the tracking of the microperimeter with no fixation coordinates generated in a fixed total fixation time. This difference may not be revealed when the tracking frequency is relatively high as in the MP-1, but may become obvious in the case of low tracking frequency as in the OCT/SLO. Increasing the tracking frequency in OCT/SLO may provide more complete fixation coordinates in diseased subjects and help to eliminate the difference of sampling between normal and diseased eyes.
Fixation location is another important aspect of fixation function. The distribution of the fixation points can be overlapped with the fundus images to indicate the fixation location as microperimetry allows simultaneous fundus observation and compensation of eye movements during the examination. [18] [19] [20] Unfortunately, comparing the fixation location assessments currently is not available due to the methods of fixation location recording differing between the two microperimeters. In the MP-1, the Fujii grading of fixation locations (as central, pericentral, and eccentric) will be provided automatically after the reviewer manually annotated the fovea with the cursor by the built-in software. In OCT/SLO, the fixation test is designed originally for documenting the PRL, with a built-in caliper provided to measure the distance between the PRL and fovea (also must be annotated by the reviewer). Hence, there was no unified measurement parameter to access the fixation location in both devices. However, since the fixation tracking principles of both devices were very similar and they have shown the consistency in fixation stability measurement, it can be reasonably presumed that the fixation location will be in good agreement.
It has been reported that patients with macular disease may use two or more PRLs for fixation. Although PRL numbers will better describe the fixation location characteristics of retinal disease, accessing the numbers of PRL and calculating each ''local'' BCEA require special graphic processing techniques and complicated statistical computation, such as the kernel density estimator (KDE) and expectation maximization (EM) algorithm. 21 For a device-comparison study that focus especially on fixation stability, we believe that ''global'' BCEA is sufficient to evaluate agreement between devices.
To compare fixation stability measurements of the two microperimeters, we examined various types of maculopathies with these two devices. The etiologies for the maculopathy were heterogeneous. No diseasespecific conclusion could be drawn from the current study, due to the large variation in lesion characteristics, disease courses, and the small sample numbers in each subgroup. In our DR and AMD subgroups, BCEA increased with the time since diagnosis, which was consistent with the study by Luminita et al. 3 The relationship did not reach statistical significance, probably due to the better BCEA and smaller sample size in our subdisease group compared to their study.
As for the user experience, the quality of SLO confocal fundus image in the OCT/SLO is superior to the infrared camera image in the MP-1, and does not need to be registered into the color fundus photography. Such image quality makes choosing the retina landmark much easier and fixation test operation smoother in the OCT/SLO compared to the MP-1.
On the other hand, we recommend that the OCT/ SLO develops built-in BCEA values. The BCEA calculation has its considerable computational complexity. Exporting and standardizing the fixation raw data also is a very time-consuming task.
In summary, OCT/SLO and MP-1 were in high agreement with each other in obtaining the fixation stability, although the OCT/SLO device uses a smaller sample size than the MP-1. Both may be used in clinical care for patients with maculopathies.
